Background: Published lead time estimates in breast cancer screening vary from 1 to 7 years and the percentages of overdiagnosis vary from 0 to 75%. The differences are usually explained as random variations. We study how much can be explained by using different definitions and methods.
Overdiagnosis and lead time. The natural history of tumours and their growth rates are difficult to study, because almost all patients are treated. We also know very little about when tumours metastasise, or whether all tumours have the capacity to disseminate.
It is a widely held belief that earlier diagnosis through screening leads to better prognosis, but this assumes that the tumours can be detected before they metastasise. In observational studies, screening generally failed to reduce the occurrence of advanced cancers, and in the randomised trials of screening for breast cancer there was bias, both in assessment of cause of death and in estimating the number of cancers with metastases, which favoured screening .
A fundamental concept in cancer screening is overdiagnosis, which is the detection of lesions that would never have been detected in a person's lifetime in the absence of screening. Cancer screening inevitably leads to overdiagnosis, because some people diagnosed with preclinical cancer will die from competing causes before the cancer would have been noticed clinically. Overdiagnosis is a major concern with screening, particularly for prostate, breast and lung cancer (Welch, 2010) .
Overdiagnosis is mostly caused by the detection of slow-growing and dormant tumours. Moreover, spontaneous regression of screen-detected cancers occurs, and indeed much more commonly than previously imagined, which we demonstrated by comparing breast cancer incidence in screened and non-screened cohorts in Norway and Sweden (Zahl et al, 2008 (Zahl et al, , 2011 . Spontaneous regression is well known also for other cancers. Neuroblastoma is an extra-cranial solid cancer in childhood, which can be detected at a preclinical stage by screening for catecholamines in the urine. A screening trial found that many cancers regressed spontaneously after the parents had refused treatment (Schilling et al, 2002) . Another example is malignant melanoma, in which numerous cases report the existence of complete regression (Printz, 2001) .
A fundamental concept in cancer screening is lead time, which is the time the diagnosis of a cancer is brought forward through screening, on average. Lead time can mean two different things: (1) clinical lead time is the lead time for clinically relevant tumours, that is, those that are not overdiagnosed. The longest possible lead time, limited only by the detection threshold of the screening technique under ideal conditions, is called the sojourn time. It can rarely, if ever, be observed in clinical practice. (2) Model-based lead time is a highly theoretical construct, which includes a hypothetical post-mortem scenario, where the time when the tumour would have caused symptoms is not limited by the person's death. It is the average time the diagnosis is brought forward for both clinically relevant and overdiagnosed cancers.
These relationships are shown in Figure 1 . Many researchers calculate model-based lead times (Duffy et al, 1995; Draisma et al, 2003; Weedon Fekjaer et al, 2008; Seigneurin et al, 2011) , probably because pathologists cannot say which tumours are overdiagnosed and which are clinically relevant to detect at screening. This has caused major confusion and controversy in the scientific literature on overdiagnosis with mammography screening (Gøtzsche, 2012) . The estimates vary from about 0 (Smith et al, 2004; Njor et al, 2013) to 75% .
It is often argued that overdiagnosis of breast cancer should be adjusted for model-based lead time (Seigneurin et al, 2011; Kalager et al, 2012) . However, this is never done when calculating overdiagnosis of prostate cancer (Draisma et al, 2003) . Modelbased lead time includes many slow-growing, dormant (Spratt et al, 1993; Draisma et al, 2003) or regressing tumours (Zahl et al, 2008 (Zahl et al, , 2011 , and adjustment for model-based lead time will therefore inevitably 'adjust away' a large part of the overdiagnosis.
Overdiagnosis can be measured accurately in a randomised trial with lifelong follow-up if people are assigned to a screening or control group for as long as screening would be offered in practice. In the absence of overdiagnosis, the initial increase in cancers in the screened age groups would be fully compensated for by a similar decrease in cancers among older age groups, who are no longer offered screening. Overdiagnosed cancers are the absolute difference in the number of cancers detected during the lifetime of the two groups, provided the control group is not screened.
A good approximation to the ideal trial is studying any compensatory drop in the incidence of breast cancer among older, previously screened women. All extra cancers detected during screening (the incidence increase when screening multiplied by women at risk) minus the reduction of cancers during the compensatory drop (the incidence decline after screening has stopped multiplied by the women at risk) is the absolute number of overdiagnosed cancers. This number should be compared with all cancers detected during screening (Draisma et al, 2003) , and in this way overdiagnosis can be estimated without using lead time. We used this method in a systematic review and found 52% overdiagnosis for screening mammography (Jørgensen and Gøtzsche, 2009) . Alternatively, the life-time risk of overdiagnosis can be calculated by including all cancers, also all those detected after screening stopped. Most researchers add cancers detected in a 5-15 years period after screening has stopped, arguing that this is a sufficient adjustment for lead time (Smith et al, 2004; Seigneurin et al, 2011; Kalager et al, 2012; Njor et al, 2013) . Here we discuss how clinical lead time can be estimated and how adjustment for clinical and model-based lead times gives fundamentally different estimates of overdiagnosis.
TUMOUR GROWTH
The two most natural units for measuring tumour growth are the number of cell divisions after the appearance of the first tumour cell and the tumour volume doubling time. no cell death, whereas tumour size (the diameter of the tumour) increases more slowly.
Exponential growth, with a constant time between each volume doubling, is the simplest model for tumour growth. After some time, the growth will slow down, because the tumour outgrows its blood supply, limiting nourishment and causing necrosis (Spratt et al, 1993) . Other statistical models for growth, such as the Gompertz or logistic model, can be used to adjust for declining growth rates. Beyond a certain size, the host cannot sustain further growth of the primary tumour, but metastases may keep growing. The tumour volume doubling time is calculated from two or more volumes estimated by X-ray (Spratt et al, 1993) .
Clinical data show that the frequency distribution of doubling times is skewed with some tumours having very long doubling times (Spratt et al, 1993; Aoki et al, 2000) . Most of these slow-growing tumours are highly differentiated and are therefore relatively benign tumours (Aoki et al, 2000) . Spratt et al (1993) studied 448 women with breast cancer and estimated that 90% of the doubling times were between 69 and 1622 days, with a median of 260 days. This was a selected group of women with mammography-detected cancers, which for various reasons were not treated.
The relationship between the number of cell doublings, volume and tumour diameter for breast cancer is presented in Table 1 , assuming a spherical size of the tumour. It has been argued that dissemination starts when the tumour diameter is 1 mm, as further growth requires a dedicated blood supply (Folkman et al, 1989) , which is also needed for dissemination.
Useful data on invasive breast tumour sizes at the time of diagnosis are available from five randomised trials . The average tumour size was 16 mm in the screened groups and 21 mm in the control groups. A cancer of 16 mm will grow up to 21 mm after 1.3 volume doubling times or after about 260 Â 1.3 ¼ 340 days . However, the window of opportunity for mammography screening to work is considerably less than 340 days, because overdiagnosed tumours are generally small and screening predominantly catches small and slow-growing tumours (length bias). This means that the average tumour size in the screened groups would have been larger than 16 mm (and clinical lead time less than 340 days), if we had been able to identify and subtract the overdiagnosed tumours.
Statistical models for estimating model-based lead time are not based on observations of tumour growth but are calculated indirectly from the observed incidence increase when screening is introduced, assuming that all increase is caused by earlier diagnosis of cases that would have become detected clinically later on. The fundamental problem with these lead time models is that they include overdiagnosed cases. Other problems are that the growth rates and the screening test sensitivity are unknown and must be assumed (Walter and Day, 1984) . Sensitivity depends on tumour size, mammographic density, number of pictures and the use of digital reading, and the estimates vary grossly (Weedon Fekjaer et al, 2008) . The seminal statistical work on lead time started with a postulated lead time distribution, which gave the best fit to the observed incidence increase when screening was introduced (Zelen and Feinleib, 1969; Prorok, 1976; Walter and Day, 1984) . If the rate of cancers in the first screening round is much higher than rates in later screening rounds, this means that there are many slowgrowing tumours (and that the mean lead time is therefore long). Tumours detected between two screening rounds-so-called interval cancers-are those that grow so fast that they were too small to be detected at the previous screening round, or those that were simply missed because of low sensitivity.
In these models, tumours grow with varying speeds, but none are dormant or regress. Lead-time models are sometimes combined with multistage Markov models, for example, the MIcrosimulation SCreening ANalysis model (Draisma et al, 2003) . The problems with these complicated models are that few people can understand them, and that there are additional, important assumptions (such as calibrating to stage distributions and underlying incidence increases) that cannot be verified. Duffy et al (1995) , Weedon Fekjaer et al (2008) and Draisma et al (2003) have used such models to calculate model-based lead time. However, these models cannot be used to calculate overdiagnosis when there are dormant tumours or regression. Fryback et al (2006) avoided such problems, as they allowed tumours to stop growing or to regress and calibrated their model to real data on tumour growth (Spratt et al, 1993) . They included both tumours and ductal carcinoma in situ in their study and noted that the best model fit was achieved when assuming that 42% of the lesions regressed.
The assumption that all tumours progress can be tested by comparing the observed incidence after screening has stopped to the expected incidence (Boer et al, 1994) . If there is no overdiagnosis, all extra cancers detected by screening should be compensated by a corresponding decline in the number of cancers after screening has stopped. The fact that there is very little compensatory decline in incidence when women are no longer screened, in Norway as well as in other countries (Jørgensen and Gøtzsche, 2009 ), proves that model-based lead-time models are seriously misleading.
Our primary aim was to estimate lead time for clinically relevant tumours and to compare this with model-based estimates. The secondary purpose was to compare overdiagnosis adjusted for model-based lead time with overdiagnosis adjusted for clinically relevant tumours only.
MATERIALS AND METHODS
Calculation of clinical lead time. It is possible to estimate clinical lead time by studying how fast the incidence returns to the background incidence after a screening round. We only need to Abbreviation: RCT ¼ randomised controlled trial.
assume that the maximum clinical lead time is, for example, 4 years. This assumption is very reasonable and has been tested by studying how fast the incidence rate returns to the background level (Jørgensen and Gøtzsche, 2009; Zahl and Maehlen, 2012) . We call the annual per cent incidence reductions compared with the background incidence in a control group pr 1 , pr 2 , pr 3 and pr 4 , respectively. It is largest in the first year after screening, that is, pr 1 4pr 2 4pr 3 4pr 4 . The clinical lead time (in years) is then calculated approximately as the weighted average: ð0:5Âpr 1 þ1:5Âpr 2 þ2:5Âpr 3 þ3:5Âpr 4 Þ=S ð1Þ
where S ¼ (pr 1 þ pr 2 þ pr 3 þ pr 4 ). Note that this estimate is not inflated by including overdiagnosed tumours and this is a novel method.
Calculation of model-based lead time. Next, we compare modelbased lead times with clinical lead times. To simplify the comparisons, we assume that the average lead time for overdiagnosed tumours is 10 years (scenario 1) or 25 years (scenario 2). Such long lead times are expected for overdiagnosed tumours, because the compensatory decline in incidence when women are no longer screened owing to advanced age is very small or absent (Jørgensen and Gøtzsche, 2009; Zahl and Maehlen, 2012) . We assume the average clinical lead time is 1 year (which we calculate in the results by using equation 1 above), and for each scenario we vary the proportion of overdiagnosis from 10 to 70%. Model-based lead time (T M ) is calculated as the weighted average of clinical lead time (T C ) and lead time for overdiagnosed cases (T O ):
where p is the proportion of overdiagnosed cases out of all diagnosed cases. Note that this is different from the way we usually describe overdiagnosis. When we talk about 50% overdiagnosis, we mean that overdiagnosis adds 50% more diagnoses to those that would have been found if screening had not been performed (Jørgensen and Gøtzsche, 2009) . In equation 2, we start from the total number of diagnoses, which means that for 50% overdiagnosis, p is 0.33 (as 50% of 150% is 0.33). Furthermore, note that we assume all women are screened.
Diluted estimates of overdiagnosis introduced by long-term follow-up after screening is stopped. The Malmö randomised mammography screening trial reported 10% overdiagnosis after 15 years of follow-up, after the initial 10 years randomised phase (Zackrisson et al, 2006) . Kalager et al (2012) reported 15-25% overdiagnosis in the Norwegian Breast Cancer Screening Program, with a 10-year follow-up period. We shall therefore study by how much the estimated level of overdiagnosis is diluted, by adding cancers diagnosed after the end of a screening programme to both the screened and the non-screened cohort. We pretend that the Norwegian breast cancer data from 1991 is the unscreened cohort (data from the Norwegian Cancer Registry). There were 152, 157, 200, 221 and 245 breast cancers in the age groups 50-54, 55-59, 60-64, 65-69 and 70-74 years. We made a screening cohort with a 55% incidence increase during screening from 50 to 59 years, followed by a reduction of 15 cancers in the age group 60-64 years so that there is 50% overdiagnosis. Then we calculated the cumulative rates and the cumulative incidence rate ratio for the screening and the control cohort during 15 years of follow-up.
We also studied what happened when both groups were screened after age 59 years, because this is also an adjustment for lead time (Zahl et al, 2008 (Zahl et al, , 2011 .
RESULTS
In Norway, the incidence reduction in screened women aged 50-69 years (compared with the expected incidence rate for unscreened women) was 70% (compared with the previous year) in the first year after a mammogram and 30% in the second year, and the size of these reductions were not related to the number of times the women had been screened previously . After the last screening round at age 68-69 years, the incidence rate returned to the expected incidence level over a 5-year period . Thus, it is reasonable to assume that the reductions in the third and fourth year are 10 and 5%, respectively (and maximum lead time is 4 years). Using equation 1, we calculate that the clinical lead time is 1.06 years. Including 5% tumours with 5 years clinical lead time increased the estimated clinical lead time by 0.14 years; assuming a 1% annual underlying incidence increase added only 0.01 year to the estimate; assuming a 50% higher incidence reduction after screening increased the estimate by 0.06 year, and combining all three extreme assumptions increased the estimate by 0.18 year. The model-based lead times are much longer. In Table 2 , we have calculated the model-based lead times for different levels of overdiagnosis (10-70%), using 10 and 25 years lead times for overdiagnosed tumours, and 1 year for clinically relevant tumours, which is realistic (see above). An overdiagnosed mammography detected tumour at age 60 years must have a minimum expected lead time of 25 years, because this is the expected remaining life time for these women. As expected, the bias inherent in calculating model-based lead time increases with the level of overdiagnosis, and even for moderate levels of overdiagnosis the bias is huge. For an overdiagnosis of 50%, for example, the model-based lead time is 4 and 9 years when the clinical lead time is 1 year.
The dilution effect is studied in Figure 2 . If we screen for 10 years and add new cancers to both groups during another 10 years of follow-up, adjustment for model-based lead time gives 20% overdiagnosis, whereas adjustment for clinical lead time gives 50% overdiagnosis. Note that when both groups are screened after age 59 years, we get a similar curve; however, this is a test of how many cancers that would go in regression during a 10-year period and not a long-time risk of overdiagnosis (in this case there is 100% more overdiagnosed cancers than in the other scenario).
DISCUSSION
It is a widely held misunderstanding that cancer screening can move time of diagnosis 5-10 years. The clinical lead time we estimated by using the reductions in breast cancer incidence after a The level of overdiagnosis varies from 10 to 70% and the lead times for overdiagnosed tumours are 10 and 25 years, respectively.
screening round is about 1 year. This is similar to the estimate we derived from the observed tumour diameters in the screened groups and in the control groups in the randomised trials . A clinical lead time of 1 year also corresponds to a little more than one volume doubling time, as reported by Spratt et al (1993) . The model-based lead time is many times larger than the clinical lead time (Table 2 ) and is excessively inflated by including overdiagnosed cases. Model-based lead time estimates in the literature vary from 2 to 7 years for screen-detected breast cancer (Duffy et al, 1995; Weedon Fekjaer et al, 2008) and from 3 to 12 years for screen-detected prostate cancer (Draisma et al, 2003 (Draisma et al, , 2009 ). Our study shows that the theory and the assumption that you need 10-15 years of follow-up to adjust for long lead times when calculating overdiagnosis of breast cancer is flawed. It is enough with 5 years follow-up.
Another way to illustrate that 5 years are enough is to look at the interval cancer rate. The cancer rate in the second year after a screening is 140 per 100 000 in Norway, which is approximately the same as the cancer rate before mammography screening started . This has also been demonstrated by Vaidya (2004) who observed that the cancer rate in Scotland in the second and third year after a screening was similar to the rate before screening started.
The validity of the lead time models can also be tested by studying whether constant high incidence rates during screening can be explained by the detection of many tumours with long lead times. First, we can study whether attending 3 screening rounds leads to more breast cancer cases compared with attending only the last screening round (Zahl et al, 2008 (Zahl et al, , 2011 . Second, we can study whether the incidence increase during 20 or 30 years with mammography screening would have accumulated and would have been detectable at a prevalence screening at age 70 years, and this has actually been done by Smith-Bindman et al (2003) . Third, we can study whether there is a compensatory decline in the incidence rate when women are no longer invited to screening (Zahl et al, 2004; Jørgensen and Gøtzsche, 2009; Zahl and Maehlen, 2012) . All these 3 analyses invalidate the theory that there is a large reservoir of breast cancers with long lead times. Overdiagnosis of breast cancer should primarily be explained by the detection of tumours that normally would have regressed spontaneously. Finally, if model-based estimates of lead time were correct, then it should prevent many metastases; however, screening does not prevent the occurrence of metastases (Esserman et al, 2009) .
Calculating overdiagnosis by adding cancers diagnosed many years after screening has stopped results in substantial underestimation as shown in Figure 2 . This method defines overdiagnosis as a function tending to the life-time risk. Estimates depend on both the duration of screening and the follow-up period, and are therefore not generally comparable. The dilution method has been used by several research groups (Zackrisson et al, 2006; Seigneurin et al, 2011; Kalager et al, 2012; Marmot et al, 2012) , and when diluted estimates are compared with undiluted estimates, it causes a major confusion (Welch, 2006; Marmot et al, 2012) . For example, Kalager et al (2012) estimated 25% overdiagnosis, whereas Zahl et al (2004) and Zahl and Maehlen (2012) estimated 51% overdiagnosis (and 75% when premalignant lesions were included). However, the absolute numbers of overdiagnoses were 87 and 93 per 100 000, respectively. If both groups are screened simultaneously after the end of the screening period (this is also adjustment for lead time) and curves never meet, it is a formal test of cancer regression (Zahl et al, 2008 (Zahl et al, , 2011 . It is not the life-time risk of overdiagnosis as some argue (Seigneurin et al, 2011; Marmot et al, 2012) .
We searched PubMed with the terms 'breast cancer', 'mammography', 'screening' and 'overdiagnosis', and found 115 papers published after 2002 (date of search 5 February 2013). Forty-five letters and 21 papers were considered not relevant. We studied how papers reviewed the literature on overdiagnosis, and found 7 papers pointing out that differences in the percentages of overdiagnosis were mostly due to differences in which denominators were used in the calculations. But we also found 22 papers comparing percentages that are not comparable without caveats. We found no papers commenting that overdiagnosis adjusted for model-based lead time depends on both the duration of screening and the duration of follow-up after screening, and only one paper actually estimating the life-time risk (Falk et al, 2013) . The duration of screening varied from 5 to 20 years and the duration of follow-up varied from 5 to 30 years. All observational studies were estimating overdiagnosis adjusted for annual underlying incidence increases. Bleyer and Welch (2012) reported the highest level of overdiagnosis: 114 overdiagnoses per 100 000 women over age 40 years. The corresponding number in Norway is 68 per 100 000 (Zahl et al, 2004; Zahl and Maehlen, 2012) . The annual underlying incidence increase was about 0.5% in Norway and in the United States. Papers reporting lower rates of overdiagnosis did not report the underlying incidence increase.
For prostate cancer, the cumulative number of cancers in the US randomised trial was 2541 (PSA screened group) and 1997 (control group) after 6 years with annual screening (Andriole et al, 2012) . In the next 7 years of follow-up (without screening), the initial difference of 544 cancers declined to 435; that is, about 80% (435 out of 544) of the observed incidence increase appeared to be overdiagnosis and not earlier diagnosis as assumed when calculating model-based lead time (Draisma et al, 2009 ). Furthermore, there was no spike in the prevalence screening round. When there is no prevalence peak, then almost all clinical lead times are 1 year or less (Zelen and Feinleib, 1969; Prorok, 1976; Walter and Day, 1984) . It should also be noted that as there Cumulative incidence rate ratio Figure 2 . Here the incidence increase when screening one cohort from age 50-59 years is 55%, and overdiagnosis adjusted for clinical lead time it is 50%. The blue curve is the incidence rate ratio for this cohort followed up in 15 more years (up to age 75 years) with no screening compared with a control cohort that is not screened at all. The incidence rate ratio declines as more and more cancers diagnosed after age 60 years are included in the calculations. An incidence rate ratio of 1.1 is interpreted as 10% overdiagnosis adjusted for model-based lead time. The red curve is the same example, but now both cohorts are screened from age 60-75 years -this is also adjustment for lead time.
Curves are similar, but the interpretations are totally different. The blue curve is tending to the life-time risk of being overdiagnosed. The red curve is a test of cancer regression. Furthermore, screening from age 40 to 59 years gives different curves (not presented here). When the incidence rate ratio depends on both how long you are screened and how long you follow up individuals after screening has ended, this method generates results that are not generally comparable.
was much opportunistic screening in the control group, the initial difference in number of tumours was underestimated.
Estimates of overdiagnosis when screening with PSA vary from 23 to 62% (Draisma et al, 2009) . Overdiagnosis when screening with mammography is calculated differently -women not attending screening are usually also included in the calculations -and the percentages vary from 52% (Jørgensen and Gøtzsche, 2009 ) to 75% . It is higher if you only include those who actually attend regular screening (Welch, 2006) . Thus, assuming 70% overdiagnosis in Table 2 is not an unrealistic estimate, neither for PSA screening nor for mammography screening. Note that the estimates used in Table 2 must not be compared with life-time risks.
We believe it is misleading to calculate life-time risk of overdiagnosis, or adding cancers to both groups many years after screening stopped. This method also draws attention from the fact that many more women are overdiagnosed at an earlier time, and therefore also ignores the harm caused by turning healthy women into cancer patients relatively early on in their life span.
